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ABSTRACT 
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Evendale, OR 45215 
This paper describes progress in eddy-current methods to iden-
tify and size defects. An eddy-current imaging method is used to 
generate data for analysis of small defects. Characterization of 
the defect is derived from this information and the validity of the 
derivation is determined by study of artificial and natural defects. 
Initial results have a theoretical foundation but more advanced 
analysis is needed. 
INTRODUCTION 
Present work in eddy-current testing, as in other branches of 
NDE, emphasizes the quantitative aspects of signal interpretation. 
A particular problem is the characterization and size measurements 
of defects found during an eddy-current test. In this article we 
discuss defects in rotating components of aircraft engines where 
low-cycle fatigue (LCF) cracks are of major concern. The first 
requirement is to determine the nature of a defect, in order to 
distinguish LCF cracks from surface damage, inclusions, and various 
other anomalies which may occur. When we have characterized a de-
fect, its size and orientation must be found in order to estimate 
its effect on fatigue life and thereby decide if the component is 
fit for further service. 
A lot of progress has been made in the theoretical and practi-
cal aspects of eddy-current testing. The theoretical problem can be 
divided into two parts. The first part is the calculation of the 
electromagnetic field produced by the eddy-current coil, which re-
quires a solution of Maxwell's equations for the particular boundary 
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conditions. For most coil configurations, this problem is too com-
plex to be solved analytically, so finite element methods are used. 
Such methods have been developed by Chari l and by Palanisamy and 
Lord2• The second part of the theoretical problem is to determine 
the impedance changes produced when the eddy-current field is per-
turbed by a flaw. Solutions are available for the case of a uniform 
electromagnetic field and an ellipsoidal flaw. These have been re-
ported by Kincaid3 and by Auld. 4 
Experimental progress on the characterization of defects began 
with the introduction of phase-sensitive eddy-current instruments, 
which allowed defect signals to be separated from thickness change 
or probe wobble effects on the basis of phase angle difference. 
Since then, advances have been made in the nuclear industry where 
defects in steam generator tubing were studied. Dodd and DeedsS 
used multi-frequency eddy current, and Doctor et al. 6 used pattern 
recognition methods to classify and size tubing defects. Brown, et 
al. 7 distinguished a number of defect types by using an adaptive 
learning network (ALN) to analyze multi-frequency signals. In all 
of this work, both time and frequency domain information were found 
to be of value. 
The use of multi-frequency, pattern recognition and ALN methods 
to classify defects relies on building up a data base of all expected 
defect types so that an unknown defect signal can be compared with 
data from known defects. These techniques do not readily lend them-
selves to a reconstruction of defect type from the signal data via 
a theoretical model. The present problem involves a wide variety 
of defect types and orientations which would make it very difficult 
to establish a full data base. There is also the possibility of de-
tecting a defect which does not fit in with existing data, and it 
is desirable to have a theoretical method of reconstruction in this 
case. For these reasons, a new approach was sought to solve the 
characterization problem, preferably an approach which was general 
in application and could be understood in terms of present theory. 
DATA PRESENTATION 
A number of methods may be used to display the changes in com-
plex impedance measured in eddy current testing. It is common to 
represent the impedance of the coil as a point on the impedance 
plane (Fig. 1) which has as axes the resistive and reactive compo-
nents of the impedance. In this diagram, OA is the locus of changes 
produced by traversing the coil over a crack, and OB is the "lift-
off" direction, caused by lifting the coil slightly from the surface. 
The phase-sensitive eddy-current instrument displays a portion of 
this plane, with the impedance value being shown by the position of 
the spot on a CRT screen. Rather than use the resistive and reactive 
components as axes, it is usual to use the liftoff direction as a 
horizontal axis for routine testing, so the impedance display is 






































OA - CRACK LOCUS 
OB - LIFTOFF DIRECTION (Small Probe Movement) 
OC - LIFTOFF LOCUS 
RESISTIVE COMPONENT R 
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Fig. 1. Impedance Plane Representation of Eddy-Current Signals. 
rotated accordingly. This has the practical advantages that it is 
easy to establish the liftoff direction by simply raising the probe 
from the surface, and also we can eliminate variations due to un-
wanted probe movement by measuring and recording only the vertical 
component of the display. Figure 2 shows a typical test coil and 
defect configuration. In this case, the coil is about to be moved 
in the x-direction across a cylindrical pit in the surface. Figure 
3 shows alternative methods of displaying the impedance changes 
occurring during this traverse. Here, the coil is 1.8 mm in diam-
eter, and the pit is 0.5 mm in diameter and 0.5 mm deep. The opera-
ting frequency is 2 MHz and the test piece is made from a nickel 
based alloy of conductivity 0.71 x 106 ohm- l meter- l • Figure 3a 
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Fig . 2. Test Coil Arrangement for Scan Across a Defect . 
Fig. 3a . Screen Display 
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Fig. 3b. Chart Recording 
(Traverse A-A'). 
Fig. 3 . Eddy-Current Signal as Coil is Scanned across Pit Shown 
in Fig. 2. 
shows this event as seen on the phase sensitive instrument, and in 
3b the time varying signals in the vettical and horizontal axes are 
separated and recorded on a strip chart. 
These two channels could be combined to reconstruct the 
Lissajou-type display of 3a . The two display methods just described 
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A At 
Fig. 3c . X-Y Scan. Fig . 3d. Magnified C-Scan. 
Fig . 3 . Eddy Current Signal as Coil is Scanned across Pit shown 
in Fig . 2. 
are routinely used for eddy-current inspection, and present methods 
for classifying and sizing defects are based on this type of infor-
mation . However, these displays represent only a single cross-sec-
tion of a field which is varying over the whole area of the probe 
and defect interaction . A more complete presentation can be made 
by superimposing a number of parallel traverses in the x direction, 
with a displacement in the y direction between each traverse . This 
is shown in Fig . 3c, and the same information is displayed as a grey 
tone shaded C-scan facsimile in 3d. These show only the vertical 
display components. 
We now consider the relative merits of these di splay methods 
and their potential utility for classifying and sizing defects . The 
single scan displays (Figs. 3a and 3b) can tell us the phase and 
amplitude value of the maximum impedance change assuming, of course, 
that we have selected a traverse path which includes this point. 
The maximum value thus measured approximates to the field conditions 
assumed in the var i ous theoretical models . 3 ,4 This approximation 
will be closer if the defect is small compared to the coil, so that 
the conditions of uniform unidirectional field are more nearly met . 
We have then measured the s i gnal information needed to attempt a 
size measurement . However , we need more data to identify the nature 
and orientation of a defect, and this may be provided by the image 
displays of Figs . 3c and 3d . In these cases, the field interrogates 
the defect over all angles from 0° to 360°, so we may expect to 
determine the aspect ratio (length :width) and the orientation, both 
of which will be vital in deciding the defect type. To investigate 
the potential of the imaging method, a test program was conducted 
using various sizes and shapes of natural and artificial defects . 
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IMAGING METHOD AND RESULTS 
The apparatus used for imaging studies included a commercially 
available phase-sensitive instrument, and probes with a coil diameter 
of 1.8 mm. Operating frequency was 2 MHz. The probe was moved over 
the test pieces by an x-y scanning system. Two methods were used for 
recording the signals, the first being a conventional two-channel 
strip chart recorder, showing both the horizontal and vertical com-
ponent of the CRT screen display. The second recording method was 
a magnified grey-scale C-scan in which the recording pen was linked 
to the probe by a lever system, to map the probe movement at a 12.5:1 
magnification. The eddy current output signal was printed as a range 
of up to six grey tones, with the darkest tone representing the 
highest signal. Separate scans were produced for the horizontal and 
vertical channels. 
A number of natural and artificial defects were studied, all in 
Rene 95 alloy. The calculated skin depth (0) for this material and 
frequency is 0.42 mm. This places the defect depth used in the range 
0.25 < a/ o < 1.25 (1) 
where a is the defect depth. 
A theoretical mode13 predicts a phase angle separation between 
defect signal and liftoff signal of 45° for a/ o = 1, so 2 MHz 
appeared to be a reasonable operating frequency to obtain good phase 
separation for our defects. In practice, the measured phase separa-
tion was much smaller (0° to 10°), a difference which still remains 
to be explained. The artificial defect types and sizes are shown 
in Table 1. 
Table 1. Artificial Defects Used for Imaging Study. 
Rectangular Notches 
Width 0.075 mm 
































In addition, a number of cracks and inclusions were studied, 
these had been found in production material. A selection of the 
results is shown in Fig. 4, which presents the vertical channel 
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Fig. 4a. Rectangular Notch 
. 25 mm long x .25 mm 
deep x .075 mm wide. 
Fig. 4c. Subsurface Crack 
1.05 mm x 1.0 mm 
1 12 13 IA II III ,,1 1111111J1 111111111 IlIlJJJIJ I 
Fig. 4b. Cylindrical Pit 
.25 mm dia. x .25 mm deep . 
Fig. 4d. Subsurface Iron Oxide 
Sphere - .25 mm dia. 
Fig. 4. Eddy Current Images from Various Defe~t Types. 
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image of some of the defects. In order to interpret the images, it 
is necessary to understand the mechanism of image formation. Let 
us consider the formation of points on the images at three positions 
of the probe relative to a crack (Fig. Sa, b, c) and a circular de-
fect (Fig. Sd, e, f). Both defects are small compared to the coil 
diameter. The electromagnetic field is strongest at a position 
directly under the coil windings, and the electric field vector is 
parallel to the winding. 
When the probe is in position I (Fig. Sa, d), centered over the 
defect, there is virtually no impedance change, as the field in the 
center of the coil is close to zero. With the probe in position 2, 
the field at its maximum strength intersects the crack at right 
angles (Sb), so a high value is recorded on the image. Similarly, 
with the probe in a corresponding position relative to a circular 
defect, the maximum field intersects the defect, so a high value is 
also recorded (Se). The differences between the two images are 
apparent when we consider probe position 3. In the crack image (Sc), 
the electric field is now parallel to the crack, so there is hardly 
any perturbation of the field and a low value is recorded. On the 
corresponding circular defect image (Sf), this position still gives 
us a maximum point, as the field still intersects the defect at its 
FIELD 
DIRECTION TEST 
B::' o o 
6.z LOW 6.z MAX 6.z LOW 
Sa 5b Sc 
TEST 0 ~.::... 0 
DEFECT 
Sd 6.z LOW se 6.z MAX Sf 6.z MAX 
POSITION 1 POSITION 2 POSITION 3 
Fig. S. Formation of Image for a Crack (top) and a Circular Defect 
(bottom) for Three Probe Positions. 
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largest cross-section. This explains the differences seen in the 
images in Fig. 4, where the cylindrical EDM pit produces a circular 
image. The following conclusions are drawn from observation of 
all the images produced: 
(a) The symmetry of the image is clearly related to the defect 
shape. Circular defects produce circular images, and the 
images of linear defects (cracks and notches) have a line of 
symmetry along the defect length. 
(b) We can estimate the aspect ratio of the defect by comparing the 
impedance change at points where the electric field is parallel 
and perpendicular to the defect length. 
(c) When the shape of the defect has been found by the above method, 
we can often determine its nature. All of the cracks studied 
produced images similar to Fig. 4c, indicating a very high as-
pect ratio. The inclusion (4d) showed a more circular image 
symmetry, as did the image produced by a hemi-spherical hard-
ness indentation. 
(d) For linear defects, we can immediately find the orientation by 
looking at the image. This is of great practical importance 
as we expect fatigue cracks to lie perpendicular to the maximum 
stress direction, so any linear defects found with this orien-
tation will be suspected as fatigue cracks. A knowledge of 
defect orientation is also needed to perform fracture mechanics 
calculations for the prediction of fatigue life. 
(e) Examination of the images shows us the limitations of trying to 
classify defects from single scan type data. A single scan 
along the length of a rectangular notch, and passing through 
the center of the notch, will look almost identical to a simi-
lar scan through the center of a circular defect_ This can 
be seen by comparing Figs. 4a and 4b. However, a scan in a 
direction perpendicular to the length of the rectangular notch 
would have a very different form, so it is obviously very diffi-
cult to classify a defect uniquely from this type of data. 
(f) We can attempt to measure defect size either from the features 
of the eddy-current image, or from the amplitude and phase in-
formation at a particular point. This is described more fully 
below. 
DEFECT SIZE MEASUREMENT 
At this stage, it is useful to draw an analogy with ultrasonic 
testing, where two distinct methods of defect sizing are used. For 
defects smaller than the ultrasonic beam diameter, the size estimate 




2 o 1 2 3 
NOTCH LENGTH (mm) 
Fig. 6. Image Length for Various Rectangular Notches. 
than the beam diameter, it is usual to traverse the beam across the 
defect to locate its edges and to determine the size from these edge 
locations. We might expect similar methods to be useful for eddy 
current testing, with amplitude or traverse techniques being chosen, 
according to whether the defect is smaller or larger than the elec-
tric field. 
To investigate the usefulness of traverse type eddy-current 
sizing methods, an image size was defined, which is the distance 
between the 10% of maximum amplitude points on a traverse. This 
image length is plotted against length of rectangular notches in 
Fig. 6, and shows a linear relationship between the two quantities. 
This can be understood if we assume that the image length is the 
sum of defect and coil size effects. 
The alternative approach is to estimate defect depth and lenRth 
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Kincaid3 predicts that the impedance change ~z caused by a surface 
breaking semi-elliptical crack of length 2b and depth a is given by 
f:.Z = j (h~5 ~ (2b) (~) 2 ~ 1 - ~[(l+j) (~) + j i5(~)2], (2) 
where ho and I are the complex amplitudes of the applied magnetic 
and electric fields. 0 is the conductivity of the material and 0 
is the skin depth. This result was calculated for a unidirectional 
field, varying uniformly with depth. From Eq. (2), the phase change 
can be calculated as 
phase (~Z) 
2 -~ (~) + ~(~) 
arctan 8 0 15 0 ----~--~~~--
1 - ~ (~) 
8 0 
(3) 
which is independent of the defect length, suggesting that a phase 
angle measurement alone may suffice to measure how far a surface 
breaking defect extends below the surface. Since the experimental 
results described here were not obtained under the uniform field 
conditions assumed in the theoretical model, we should be cautious 
in applying this model. However, the theory does imply that we 
might size a defect by first estimating the depth from the phase 
angle, and then finding the length from a knowledge of the amplitude 
of the impedance change and the defect depth. 
The phase angle changes produced by the various EDM notches are 
shown in Fig. 7a, and it can be seen that phase separation increases 
with defect depth, and is relatively independent of length, which 
agrees qualitatively with Eq. (3). The defect length could then be 
found from curves such as those shown in Fig. 7b, which relate ampli-
tude to length for notches 0.125 and 0.25 mm deep. In this way, a 
series of calibration curves can be constructed for the material and 
frequency of interest. When we have determined the nature of a de-
fect, we can then refer to the appropriate set of curves and estimate 
its dimensions. The calibration curves for linear and circular shaped 
defects are different, so we need to know defect type before making 
a size estimate. As the conditions of measurement vary so much from 
any theoretical models, this empirical approach is more useful at 
the moment than a mathematical method. The results presented apply 
only to surface-breaking defects. In principle,3 it is possible to 
estimate both depth and dimensions of a subsurface defect by measure-
ment at more than one frequency. However, no one has yet demonstra-
ted this, and the task may prove very difficult in practice. 
SUMMARY 
We can now define the steps which might be taken in a procedure 
to characterize and size an unknown defect found during eddy current 
inspection. It is first necessary to classify the defect type, as 
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Fig. 7a. Phase Separation for Rectangular Notches of Different 
Depths. 
8r-------------------------------------------, 
A .2Srom DEEP 
o .12Srom DEEP 
/ Lif 
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3 0.5 1 
NOTCH LENGTHS (rom) 
Fig. 7b. Variation of Signal Amplitude with Length of Rectangular 
Notches. 
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the choice of calibration curves for sizing will depend on knowing 
this. Defect type can be determined by producing an eddy current 
image, from which the aspect ratio and the orientation can be found. 
It would also help to know the phase angle, and prior knowledge of 
the manufacturing process and defect types occurring in the material 
will be useful. Defects of high aspect ratio, particularly those 
oriented perpendicular to the stress direction, will be suspected 
of being cracks. Defects of lower aspect ratio, i.e., those showing 
a more circular symmetry, are likely to be inclusions or surface 
indentations. The phase-angle separation can help us distinguish 
further, as shallow surface anomalies will show a phase angle very 
close to the liftoff direction, whereas cracks and inclusions will 
show a higher phase separation. Additional confirmation might be 
provided by visual examination, though this can be tedious, and 
many of the smaller defects will be hard to see. 
When the defect type has been decided, the next stage is to 
make a size estimate. First, we need to make a series of calibra-
tion curves, with one curve relating phase angle to defect depth, 
and a set of curves relating amplitude to length for various de-
fect depths. We can then measure the amplitude and phase angle of 
the unknown defect, and use our calibration curves to estimate first 
its depth, and then its length. 
An alternative method of measuring defect length, particularly 
for larger defects, is from the dimensions of the eddy current image. 
The results presented have been measured on only one alloy, but the 
general method will apply to other materials, with changes in the 
phase angle and amplitude values because of the different skin depth. 
A complete solution of the characterization and sizing problem 
requires a mathematical reconstruction of the defect from the ampli-
tude and phase information contained in the image. An advance in 
eddy-current theory is needed to achieve this, as well as more re-
fined measurement methods. The results described here were all ob-
tained from laboratory specimens. The testing of real parts presents 
further problems as defects will be found in bolt holes, close to 
edges and corners, and under various surface finish conditions. The 
eventual success of defect evaluation methods will depend on how 
well these problems can be solved. 
CONCLUSIONS 
The eddy-current imaging method is a powerful way to character-
ize defect types and obtain information from which defect size can 
be estimated. We can obtain a better understanding of existing 
eddy-current techniques by studying the image data. Phase and ampli-
tude results measured on artificial defects afford a prospect of 
reliable size estimation for natural surface-breaking flaws. 
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DISCUSSION 
R. Chance (Grumman Aerospace): You indicated in the beginning of 
the talk that you were going to show ability to distinguish 
extraneous indications, damage marks, things like that, from 
real signals. 
D.C. Copley (General Electric Company): Yes. 
R. Chance: How successful were you? 
D.C. Copley: I should say the largest problem there is finding the 
damage marks at a time when you want them and getting hold of 
the components. We have produced artificial damage marks by 
indentation marks using a hardness indentor, and we have been 
very successful in imaging those and distinguishing them from 
cracks. 
S.R. Satish (Colorado State University): Are you planning on employ-
ing some of the standard image-processing techniques for classi-
fying defects? 
D.C. Copley: Yes, we are planning on doing that. The exact approach 
is .not defined yet. 
